4
(CTD) is required to condense chromatin into higher order structures (16, 32) . This is also consistent with the presence of only C-terminal like domains in some protists.
Because of the high density of positively charged amino acids within the CTD, it is commonly held that condensation is mediated through charge -neutralization of the negatively charged linker DNA. In a recent study, Lu and Hansen (2004) found that the ability of histone H1° to stabilize chromatin folding was not evenly distributed, but was localized to two specific subdomains in the CTD (25) . Because the density of positively charged lysine and arginine amino acids is very similar throughout the approximately 100 amino acids of the C-terminus, binding does not correlate in a simple manner with the abundance of positively charged amino acids within the domain. Lu and Hansen (2004) proposed that histone H1 initially binds with low specificity in a charge dependent manner. Upon binding to the DNA, the C-terminus then acquires secondary structure. This mechanism of histone H1 binding contrasts with the expected binding properties if histone H1 functioned according to the "charge patch" hypothesis. The charge patch hypothesis proposes that it is the clustered positively charged lysines in the Cterminal domain that bind DNA and facilitate condensation through neutralization of phosphates on the DNA (26, 27) . Although this mechanism of binding may apply to the evolutionarily divergent H1 of Tetrahymena (28) , recent structural studies of histone H1s from mammals indicate that regions within the C-terminal domain adopt an α-helical structure when associated with DNA (29) (30) (31) . Molecular modeling techniques also predict the adoption of secondary structure in the C-terminus of histone H1 (32). More specifically, the modeling studies reveal that the C-terminus may adopt an HMG-box-like structure, and that the C-terminus SPKK-motifs are sites of DNA binding and function in the compaction of the DNA (32).
by guest on October 30, 2017 http://www.jbc.org/ Downloaded from 5 We and others have previously used fluorescence recovery after photobleaching (FRAP) to quantify the binding of histone H1 proteins in living cells (33, 34, 39) . These studies revealed that histone H1 binds transiently to the chromatin of living cells. In this study, we quantify the specific contributions of the N-and C-terminal domains of histone H1.1 as well as the T/SPXK motifs in the CTD to the in vivo chromatin binding affinity of histone H1. We find that the Cterminal domain of histone H1 plays a major role in defining the affinity of histone H1 binding in vivo.
EXPERIMENTAL PROCEDURES
Cell Culture-SK-N-SH cells were cultured in DMEM in the presence of 10% fetal calf serum and G418. The cells were transfected using Lipofectamine 2000 (GIBCO-BRL) according to the manufacturer's instructions. Cells were selected for stable incorporation of the plasmids by selection for two weeks in the presence of G418, and cells that stably expressed the fluorescent histone H1.1 were sorted and used in FRAP studies.
FRAP Analyses-Fluorescence recovery after photobleaching was performed using a Zeiss LSM510 as detailed previously (33) . Each experiment shows the results of at least 20 nuclei collected from three separate experiments. The standard deviations are not shown but are typically less than five percent for each time point.
Site-directed Mutagenesis-Cloning of histone H1.1 (Genbank accession no. X57130) was described in Lever et al. (2000) (33) . Mutations of threonine and serine sites on histone H1.1 was performed by sequential PCR as described in the Current Protocols in Molecular Biology.
Primers for PCR were synthesized by Sigma Genosys. The sequences of the primers employed to generate the T152A mutation were CGTCAAGGCTCCGAAAAAGG and CCTTTTTCGGAGCCTTGACGC, the T152E mutation were 6 GCGTCAAGGAACCGAAAAAGG and CCTTTTTCGGTTC CTTGACGC, and the T152K mutation were GCGTCAAGAAACCGAAAAAGG and CCTTTTTCGGTTTCTTGACGC.
Primers to generate the S183A mutation were GTAGCTAAAGCCCCTGCTAAAGC and GCTTTAGCAGGGGCTTTAGCTAC, the S183E mutation were GTAGCTAAAGAACCTGCTAAAGC and GCTTTAGCAGGTTC TTTAGCTAC, and the S183K mutation were GTAGCTAAAAAACCTGCTAAAGC and GCTTTAGCAGGTTT TTTAGCTAC. The PCR products were first cloned into pCR2.1 vector using the TA Cloning kit (Invitrogen), and then directionally subcloned into pEGFP-N1 or pEGFP-C1 (Clontech). Sequencing of PCR products to verify the mutations were performed by Guelph Molecular Supercentre and the Paleo-DNA Laboratory (Lakehead University). variants (18) , and this domain was shown to be essential for high affinity in vivo binding to chromatin (33, 34) . Figure 1 shows the amino acid alignment of the C-terminal domains of individual histone H1 subtypes of human and mouse. Each subtype has multiple cdk-specific motifs, up to five in histones H1.4 and H1.5 (four in the C-terminal tail and one at the Nterminus). The specific lysines predicted to bind and compact the "linker" DNA (32) are highlighted in green.
RESULTS
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In order to define the role of phosphorylation in regulating histone H1 binding in vivo, we chose to examine histone H1.1 (also named histone H1a and histone H1 S 5 (35) ). This H1 subtype which has only two C-terminal cdk-specific sites which reduces the complexity of determining the effects of phosphorylation on histone H1 binding to chromatin binding in vivo.
Recent studies of rat histone H1d binding to chromatin in vitro (36) and a number of recent structural and molecular modeling studies now predict that the C-terminal domain of histone H1 is structured when bound to DNA and chromatin (29, 30) . The lysines predicted by molecular modeling (32) to interact with the DNA within the chromatosome are highlighted as red dots in 
C-terminal GFP Fusion Reduces the Affinity of Histone H1 Binding-Fluorescence recovery after
photobleaching was used to measure the binding affinity of GFP-tagged histone H1 bound to chromatin in living cells. We began by measuring the fluorescence recovery rates of histones containing N-or C-terminal tails modified by fusion to green fluorescent protein (GFP) and by 8 introducing specific deletions. Figure 2 shows the relative recovery rates of GFP-tagged histone H1.1 protein stably expressed in SK-N-SH neuroblastoma cells. The two full -length forms of histone H1.1 bound with the highest affinity to the endogenous chromatin. However, when the GFP tag was placed on the C-terminus, the recovery rate was faster than when the tag was at the N-terminus. The reduction of binding caused by the C-terminal fusion was almost as great as that seen when the N-terminal domain was deleted. Deletion of the N-terminus significantly reduced the binding affinity of the histone H1.1, with the C-terminal placement of the GFP binding with a slightly lower affinity than when the GFP was placed at the N-terminus. When staurosporine was added to inhibit kinase activity, the recovery time was increased by about two-fold (see also Figure 5 ). Notably, when the C-terminus was deleted, the GFP-histone H1.1 deletion protein did not bind well and recovered at rates approaching diffusion.
FRAP Analysis of C-terminal Deletions of Histone H1.1-To further define the contribution of the
C-terminus to histone H1.1 binding in vivo, we initiated a series of FRAP experiments to quantitatively define the contributions of the two C-terminal phosphorylation sites. Within this C-terminal region of histone H1.1, there reside two S/TPXK sites that are phosphorylated by cdks (37) . These motifs are of particular interest because the commonly repeated sequence, SPKK, is known to bind DNA in vitro (38) . The possibility that these motifs might be ideally positioned to play a critical role in both DNA binding and histone H1 -dependent condensation of the chromatin can be inferred from computational predictions of the structure of both the Cterminal domain in association with DNA and the C-terminal domain positioned within the chromatosome (23, 32, 36) .
We first examined the contributions of the individual regions of the C-terminal tail using part ial deletion mutants of human histone H1.1. Deletion of the amino acids 183-214 resulted in 9 a protein that has reduced binding affinity and allows the photobleached region to be replaced in approximately half the time ( Figure 3B) , showing that this terminal region of the CTD contributes to the binding to chromatin. Further C-terminal deletions up to lysine 151 resulted in a protein that bound to chromatin with much less affinity and recovered in less than 10% of the time required for the full-length protein ( Figure 3B ). When these recovery curves were replotted using the log of time of recovery, the largest deletion had a recovery profile that presented as a straight line ( Figure 3C ). In contrast, both the 183 deletion and the full-length protein resolved into two kinetic populations in these plots. This may reflect the kinetic footprints of two distinct binding events involved in stabilizing the association of the globular domain with the surface of the nucleosome.
Glutamic Acid Mutation of Thr152 and Ser183-While the deletion analyses showed that the regions from Thr152 and Ser183 to the end of the C-terminal domain augment the binding of histone H1.1 in vivo, they do not reveal the roles that the cdk-dependent phosphorylation sites may play in chromatin binding. In order to assess the specific contributions of phosphorylation of each of these sites, we generated GFP-histone H1.1 hybrid proteins where the Thr152 was switched to Glu152 or the Ser183 switched to Glu183. These substitutions introduce nega tive charges to mimic phosphorylation at these sites. Thus, although these studies are consistent with important DNA binding activities localizing to SPKK motifs within the C-terminus, we cannot conclude that the SPKK motifs are directly involved in DNA binding in vivo. Further studies with other histone H1 variants will be required to clarify the specific significance of these sequence motifs commonly found in H1 C-termini.
We can conclude, however, that the phosphorylation sites within the C-terminus of histone H1.1 can directly modulate the affinity of histone H1 binding in vivo.
We find that mutation of the two C-terminal phosphorylation sites to glutamic acid results in a significant destabilization of histone H1.1 binding in vivo. While this is in general agreement with the conclusions of Contreras et al. (2003) (39) , they showed that the mutations of the threonine and serine phosphorylation sites to alanines residues increased the binding to chromatin, contrary to our finding that mutations of these phosphorylation sites destabilize chromatin binding. This difference may be explained by their use of a C-terminal fusion with GFP that we have shown to reduce the affinity of histone H1 binding to chromatin (Figure 2) .
Numerous studies have shown that the CTD is critical to the binding of linker histones and that 13 this domain adopts a secondary structure for its function, rather than acting as an unstructured polycationic molecule. For the studies reported here, the GFP was localized at the N-terminus where interference with chromatin binding was minimal. Physical studies showed that the Nterminal domain could have two different substructures, with the half that is adjacent to the central globular domain forming a α-helical structure when associated with DNA. The distal half of the N-terminus of histone H1, where the GFP is fused, is unstructured and does not bind to the chromatin (40, 41) . Hence, the N-terminus may effectively be functioning as a spacer to place the GFP away from regions directly involved in chromatin binding. Also, the addition of two negative charges from the phosphorylation of these two residues would not be sufficient to overcome the net positive charges of the 38 lysine and 2 arginine residues found within the CTD. Rather, the dominant role of the Thr152 in defining the stability of histone H1.1 binding in vivo is consistent with the importance of this specific conserved T/SPKK motif in the predicted secondary structure of histone H1 within the chromatosome and consistent with the recent in vitro study of Lu and Hansen (2004) (25) . Notably, this could 14 explain how phosphorylation may be employed to displace histone H1 from chromatin during much of interphase, where the H1 molecules are rarely multiply phosphorylated (42) .
In summary, we have determined that the C-terminus is critical for high affinity binding Histone H1.1 constructs with mutations that converted either Thr152 (T152K) or Ser183 (S183K) or both amino acids (T152KS183K) to lysines were stably expressed in human SK-Nby guest on October 30, 2017 
